Introduction
Nitrate-nitrogen (N0 3 -N) loss to surface water bodies and groundwater resources from production agricultural systems is of local and regional concern throughout the Midwestern United States. This is especially of concern in areas where artificial subsurface drainage systems are utilized. Water table management through the use of artificial subsurface drainage systems is important in humid areas with poorly or somewhat poorly drained soils to maximize agricultural productivity. Excess precipitation in Iowa and many other Midwestern U.S. agricultural production states is removed artificially via subsurface drainage systems that intercept and usually divert it to surface waters. Subsurface drainage systems have been installed to allow timely seedbed preparation, planting and harvesting and to protect crops from extended periods of flooded soil conditions. While these drainage systems are essential in maximizing crop production, the tradeoff of improved subsurface drainage is a significant increase in the losses of N0 3 -N (Gilliam et al., 1999) . Nitrogen, either applied as fertilizer, or manure or derived from soil organic matter, can be carried as nitrate with the excess water in quantities that can cause deleterious effects downstream. The movement of nitrogen from agricultural fields via drainage waters is a major factor in nonpoint source pollution of surface waters and ultimately the Gulf of Mexico where it has been implicated as a contributor to the Hypoxic Zone (Mitsch et al., 2001; Rabalais et al. , 1996) .
In the Midwestern U.S. the corn-soybean crop rotation system is common. However, there is an increased demand for corn as a feedstock for feed and fuel. This demand has led to increased corn acreage. Estimates from 2007 compared to 2006 indicate approximately a 19% increase in corn acreage in the U.S. with a subsequent reduction in soybean acreage of 15% (NASS, 2007) . This increased corn acreage and the practice of a continuous corn instead of a corn-soybean rotation system raises questions about the environmental impacts of this shift in cropping systems. Specifically, since nitrogen fertilizer is likely to be applied every year in a continuous corn system will there be significant increases in N0 3 -N concentrations in subsurface drainage compared to a corn-soybean system? Additionally, the range in the economic optimum nitrogen application rate for corn following corn versus corn following soybean in Iowa is 100-150 lb-N acre· 1 and 150-200 lb-N acre·\ respectively (Blackmer et al., 1997) . So , for a continuous corn system nitrogen application would occur each year and the nitrogen application rate to the corn would commonly be approximately 50 lb-N acre-1 greater in Iowa.
Studies that document the impact of nitrogen fertilization on N0 3 -N concentration moving below the crop root zone and to subsurface drainage systems are important for evaluating the environmental impacts of in-field nutrient management practices. While a number of studies have documented that N0 3 -N concentrations in subsurface drainage commonly exceed the drinking water standard of 10 mg L-1 (Randall and Vetsch, 2005; Bakhsh and Kanwar, 2007; and Baker and johnson, 1981) , few studies have directly studied the impact of a range of nitrogen application rates on N0 3 -N leaching from a corn-soybean or continuous corn system. Additionally, there is a lack of information directly comparing N0 3 -N leaching from a cornsoybean system or continuous corn system at various nitrogen application rates. Jaynes et al. (2001) and Lawlor et al. (200X) found from monitoring subsurface drainage that as nitrogen application to corn in a corn-soybean increased N0 3 -N concentrations in the drainage increased and Thorp et al. (2007) modeled a similar response with the Root Zone Water Quality Model. Gast et al. (1978) found that as nitrogen application rates increased in a continuous corn system N0 3 -N concentrations in the subsurface drainage increased but the treatments did not allow a direct comparison to N0 3 -N leaching from a corn-soybean rotation system. Randall et al. (1997) found from a four-year drainage study in Minnesota flow-weighted N0 3 -N concentration averages of 28 mg L-1 and 23 mg L-1 for a continuous corn and corn-soybean rotation system, respectively, when applying on average 112 lb-N acre-1 for continuous corn and 109 lb-N acre to corn in a corn-soybean system. Bakhsh and Kanwar (2007) report on N0 3 -N leaching losses in subsurface drainage for continuous corn versus a corn-soybean system during a ten year period. From 1990-1993, the nitrogen application for continuous corn was 180 lb-N acre-1 and 150 lb-N acre-1 to corn in a corn-soybean rotation system. From this, the four-year flow weighted average concentrations were 32.6 mg L-1 and 19.7 mg L-1 for the continuous corn and corn-soybean rotation system, respectively. During the period from 1994-1998 the nitrogen application rates were 120 lb-N acre-1 and 98 lb-N acre-1 for continuous corn and to corn in a corn-soybean rotation, respectively. The six-year flow-weighted N0 3 -N concentrations were 10.9 mg L 1 and 11.2 mg L 1 for the continuous corn and corn-soybean rotation systems, respectively. So, while subsurface drainage and nitrogen fertilization are important for crop production there is need to understand how corn yields and nitrate-nitrogen leaching are affected by various nitrogen application rates under both continuous corn and corn-soybean production systems. The objective of this four-year study was to evaluate the effect of nitrogen application rate on N0 3 -N concentration, N0 3 -N losses, and crop yields in both continuous corn and corn-soybean production systems.
Materials and Methods

Research Site and Monitoring Equipment
The field experimental site was located near Gilmore City in Pocahontas County, IA. It was in Garfield Township at SW 1/4, Section 27, T92N, and R31W Predominant soils were Nicollet (fine-loamy, mixed, superactive, mesic Aquic Hapludoll) and Webster and Canisteo (fine-loamy, mixed, superactive, mesic Typic Endoaquolls) clay loams with 3% to 5% organic matter. These are naturally poorly to naturally somewhat poorly drained glacial till soils with an average slope of 0.5% to 1.5%.
Total research area was 11 acres, of which 9.4 acres were used as experimental plots for these studies and the remainder as border and buffer. Each of 78 plots available was 0.12 acres (50 ft. by 125ft. long), and were established after the installation of drain lines in 1989 and are illustrated in Figure 1 . Subsurface drainage lines were installed parallel to the long dimension through the center of each plot and on the borders between plots (25 ft. spacing) at a depth of 3.5 ft. The subsurface drains at plot borders were installed to isolate and prevent lateral, subsurface drainage from adjacent plots. The border drain lines had an outlet to the surface at a remote location. The plot configuration is illustrated in Figure 2 . Only the center drainage line was monitored for drainage volume and N0 3 -N concentration. Corn (Zea mays L.) and soybean (Glycine max [L.] Merr.) were grown on 30 in. centers in all years resulting in twenty rows of crop. From 1989 through 1993, whole plots were used for each crop.
Twenty-five aluminum culverts, 4ft. in diameter were buried vertically at the terminus of drainage lines from three individual plots to accommodate a water table dewatering sump and three sampling/monitoring systems. A single configuration is illustrated in Figure 3 . Drainage lines, from individual plots, were directed to separate sumps within the culvert and drainage was pumped by a Zoeller model M53 submersible pump (Zoeller Pump Co., Louisville, KY) through plastic plumbing fitted with a common plated sprayer orifice nozzle and a 0.6 in. , Trident T-10 water meter (Neptune Technology Group, Inc. , Tallassee, AL) . Back pressure created by the meter forced a small constant fraction (approximately 0.25%) of all drainage to be diverted through plastic tubing to a 5 gal. glass sampling bottle. Flow-weighted drainage samples were collected and volume measurements recorded as dictated by drainage patterns. Typically, after 0.5 in. of subsurface drainage, sample jars would contain 2.5 gal. of water available for sub-sampling. This rather unique configuration provided the infrastructure for continuously monitored flow volume measurement and flow-integrated sampling of subsurface drainage emanating from below the treated area. Sub-samples were collected at this point and over each drainage period and represented the quality of water that was intercepted under the treated area. Sub-samples were chilled and stored at 4°C until analyzed. N0 3 -N analyses were performed in the Agricultural and Biosytems Engineering Water Quality laboratory located on the campus of Iowa State University using a Lachet Quickchem 2000 Automated Ion Analyzer flow injection system (Lachet Instruments, Milwaukee, WI) and the cadmium reduction method.
Ambient precipitation was collected using a recording tipping bucket rain gauge (Campbell Scientific, Inc., Logan, UT) located near the center of the site area. Normal precipitation for Pocahontas, Iowa, located 15 miles west of the research site, was used for comparative purposes with precipitation received at the research site. A 30-year average for Pocahontas, from 1961-90, was considered the long-term norm and provided a base for monthly, growing and drainage season, and annual precipitation comparisons.
Treatment Description
N application rates during Phase I (1989-93) ranged from 0-150 lb-N acre· 1 in 50 lb-N acre· 1 increments for corn in rotation with soybean and 0-200 lb-N acre· 1 in 50 lb-N acre· 1 increments for corn following corn. Liquid 28% urea ammonium nitrate (UAN) was the fertilizer source. Table 1 lists the N rate treatments imposed on specific plots at the experimental site (see Figure 1 for plot locations). Not all the plots shown in Figure 1 were used for the N-rate studies described within. Rather there were other treatments and studies that were conducted on the other plots. Treatments were assigned randomly to plots in replicates of three in 1989. The N treatments were notre-randomized each year; thus , for the com-soybean system corn occupied the sample plots in 1989, 1991, and 1993 for one set of plots and 1990 and 1992 for the other set of plots.
In all years, a conventional cropping system was used. Chisel-plow tillage of corn residue after stalk chopping in the fall was followed by spring disking of corn and soybean plots with additional seedbed preparation using a field cultivator. N fertilizer was applied mid-row to corn, at planting or as an early season sidedress, with a conventional knife applicator. A two-pass cultivation procedure was used, in addition to herbicides , for weed control. Planting dates were dictated by field conditions. Yields, drainage volumes, N0 3 -N concentrations, and N0 3 -N losses were analyzed as a completely randomized design using PROC GLM (SAS, 2003) procedures and means were separated using a least significant difference test at p = 0.05 (LSD 005 ). These analyses were used to evaluate nitrogen rate effects on water quality and crop yield using SAS version 9.1 (SAS, 2003) .
Results and Discussion
Precipitation and subsurface drainage
Since no drainage occurred in 1989 results from 1990-1993 are presented within. The period from 1990-1993 at the research site was characterized by above normal annual precipitation in all four growing seasons (Table 2) . Also, three of the four years had above normal drainage season (March through November) precipitation and two of four years had above normal growing season (May through September) precipitation. Due to above normal precipitation there was substantial subsurface drainage in all years (Table 3) . On average approximately 50% of the annual precipitation exited the system as subsurface drainage (Table 3. ). The measured volume of subsurface drainage is likely greater than what may have occurred under common field installations since the drainage spacing was 25 ft. at the research site compared to a recommended spacing of 80-100 ft. (Anonymous, 1987) and as drain spacing is reduced the volume of subsurface drainage is expected to increase (Singh et al., 2006) .
Flow-weighted annual N0 3 -N concentrations in the drainage in the corn and soybean phases of the corn-soybean rotation system were influenced by nitrogen application rate to the corn phase (Table 4) . At only one nitrogen application rate (50 lb-N acre-1 ) were the four-year average flow-weighted N0 3 -N concentrations statistically (p=0.05 level) different between the corn and soybean phase . Overall, as nitrogen application rate to the corn increased the N0 3 -N concentrations increased. For the continuous corn system as nitrogen application rate increased the N0 3 -N concentrations in the subsurface drainage water also increased (Table 5) . When comparing the corn-soybean rotation system and the continuous corn system the N0 3 -N concentrations were not significantly different at equivalent nitrogen application rates to corn even when considering that in a two-year rotation the continuous corn system received twice the nitrogen as the corn-soybean rotation. Although not significantly different at equivalent nitrogen application rates below the 100 lb-N acre-1 the N0 3 -N concentrations from continuous corn were less than the corn soybean rotation based on the four-year average values (Table 5) . Based on nitrogen application recommendations in Iowa of 100-150 lb-N acre-1 for corn following soybean and 150-200 lb-N acre-1 for corn following corn it is possible that corn following corn may receive approximately 50 lb-N acre-1 more nitrogen. Based on this four-year study, N0 3 -N concentrations for continuous corn at a 200 lb-N acre-1 were statistically greater than N0 3 -N concentrations for the corn-soybean rotation at an application rate 150 lb-N acre-1 to corn in two of the four years and based on the four year average. While the concentrations were greater on average and in three of the four years there was not a statistically significant increase in N0 3 -N concentrations when comparing continuous corn fertilized at a 150 lb-N acre-1 rate to a cornsoybean rotation system with a corn fertilization rate of 100 lb-N acre-1 At the recommended nitrogen application rates to both the continuous corn and com-soybean rotation system the four-year, flow-weighted N0 3 -N concentrations were greater than the U.S. Public Health drinking water standard of 10 mg L-1 Increases in corn acreage have shifted a portion of the com-soybean rotation acres to continuous corn acres. Reviewing the general trends from this five year study at four nitrogen application rates to corn in a com-soybean system and five rates in a continuous corn system, if equivalent rates of nitrogen are applied to corn in a continuous corn versus com-soybean rotation system the results indicate similar N0 3 -N concentrations. However, if nitrogen application rates are increased approximately 50 lb-N acre-1 for the continuous corn system there is risk of increased N0 3 -N concentrations in the subsurface drainage . When comparing a 150 lb-N acre-1 fertilization rate in continuous corn to a 100 lb-N acre-1 in a com-soybean rotation there is approximately an increase of 20% in N0 3 -N concentration when using generalized response curves (Figure 4 ). There is a slightly greater increase (35%) when comparing a 200 lb-N acre-1 fertilization rate in continuous corn to a 150 lb-N acre-1 in a com-soybean rotation ( Figure 4 ).
As noted above, the time period from 1990-1993 was characterized as a period of above normal precipitation and this followed a period in the late 1980' s which had below normal precipitation. From this, N0 3 -N concentrations for all treatments were greatest in the first study year (1990) and generally decreased during the study period. This provides indication of nitrogen storage in the soil profile during dry periods and subsequent flushing of nitrogen from the soil profile during wet periods.
N0 3 -N losses in subsurface drainage
Annual N0 3 -N losses which are the product of the subsurface drainage volume multiplied by the N0 3 -N concentrations ranged from 3.9 lb-N acre-1 (0 lb-N acre-1 application rate to continuous corn) in 1992 to 67 lb-N acre-1 (150 lb-N acre-1 application rate in com-soybean rotation) in 1990 (Table 6 ). Overall four-year average annual N0 3 -N losses ranged from 19.5 lb-N acre-1 (0 lb-N acre-1 application rate to continuous corn) to 62.2 lb-N acre-1 (lOO lb-N acre-1 application rate in com-soybean rotation). While the N0 3 -N losses generally follow similar trends as the N0 3 -N concentrations in that losses increase with increased nitrogen application rate and statistical differences among the various nitrogen application rates occurred only when evaluating the four-year average losses. This is not unexpected since variability in both N0 3 -N concentrations and subsurface drainage volumes are compounded when calculating N0 3 -N losses. This is not uncommon in subsurface drainage studies where there can be substantial variability especially in subsurface drainage volume (Randall and Vetsch, 2005) 
Corn yields
Nitrogen application rate had a significant effect on corn yields in all years and on the four-year average corn yields (Table 7) . As expected, in general, as nitrogen application rate increased the corn yield increased. In all but one year (1992) there was not a statistically significant difference in corn yield at the highest two nitrogen application rates in the com-soybean rotation. Also, in all years there was not a statistically significant difference in the corn yield at the highest two nitrogen application rates in the continuous corn system. At equivalent nitrogen application rates the corn yield was significantly greater in the corn-soybean rotation than the continuous corn system. Corn yields at the recommended nitrogen application rates in the corn-soybean rotation (l00-150 lb-N acre-1 ) were significantly greater than corn yields at the recommended nitrogen application rates in the continuous corn system (150-200 lb-N acre-1 ).
Conclusions
Subsurface drainage, N0 3 -N concentrations, N0 3 -N losses, and corn yield at four nitrogen application rates in a corn-soybean rotation and five nitrogen application rates in a continuous corn system were measured during a four year study in north-central Iowa. The primary findings from this research are:
• At recommended nitrogen application rates in a corn-soybean rotation and continuous corn system the N0 3 -N concentrations in subsurface drainage water commonly exceeded the U.S. Public Health drinking water standard of 10 mg L-1 . This illustrates the difficulty in obtaining N0 3 -N concentrations less than the drinking water standard even when recommended nitrogen management practices are employed. Also, even when no nitrogen was applied in a corn-soybean or continuous corn system N0 3 -N concentrations exceeded 5 mg L-1 in most years.
• As nitrogen application rates increase N0 3 -N concentrations increase. N0 3 -N concentrations from the continuous corn system were similar to N0 3 -N concentrations from the corn-soybean rotation at equivalent nitrogen application rates. Recommended nitrogen application rates in Iowa for corn in a corn-soybean rotation are 100-1 50 lb-N acre-1 compared tolS0-200 lb-N acre-1 for corn in a continuous corn system . When considering approximately a 50 lb-N acre-1 increase in nitrogen application to corn in a continuous corn system versus a corn-soybean rotation system N0 3 -N concentrations were approximately 20-35% greater from the continuous corn system.
• Corn yields were impacted by nitrogen application rate. As nitrogen application rate increased corn yield increased. Despite this , there was not a statistically significant difference in corn yields between the highest two application rates in the corn-soybean rotation. Also , there was not a statistically significant difference in corn yields between the highest two application rates in the continuous corn system. Corn yields at the recommended nitrogen application rates in the corn-soybean rotation (l00-1 50 lb-N acre-1 ) were significantly greater than corn yields at the recommended nitrogen application rates in the continuous corn system (150-200 lb-N acre-1 1 Means within years and on average (i.e. columns) with the same letter are not significantly different at p = 0.05.
11 N application in the corn year only. 
